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The ionization of water molecules and the ensuing fragmentation, which yields the singly charged ions H + , OH + and O + , are relevant processes in several fields. In astrophysics, for example, the water cation has been detected in the interstellar medium, 1,2 molecular clouds, planetary atmospheres and cometary comae; 3 the breakdown of the water cation takes place in the atmospheres of icy moons. 4 The ionization of H 2 O is also a primary reaction in radiation-induced damage of biological systems. In particular, high energy ions (H + or C 6+ ), used in ion-beam-cancer therapy ionize the water molecules of the cytoplasm, yielding electrons, radicals and ions, which interact with the DNA in secondary processes.
In this context, several works [5] [6] [7] have estimated the branching ratios for production of the The good agreement between these semiempirical results and the experiments [9] [10] [11] [12] indicates that the ions H + , OH + and O + are formed through a two-step mechanism that involves the ionization of H 2 O followed by the post-collisional fragmentation of H 2 O + .
The fragmentation mechanism of H 2 O + has been studied in several publications. Early theoretical and experimental works [13] [14] [15] showed that the photoionization of water with photons of energy lower than 21.2 eV leads to the population of the electronic statesX 2 B 1 , 
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The transitions in the vicinity of the CI seam betweenB andÃ states have also been studied in the surface hopping calculations of Dehareng.
19
The photoelectron-photoion experiments of Powis and Reynolds 20 showed an important rotational excitation of the fragments OD + and OD formed in the dissociation of
2 ); this excitation was attributed to the dissociation mechanism involving, as a first step, a bending motion in which the ion approaches the region of nuclear coordinates close to theB-Ã CI seam. The predissociation of theB state has been studied 21 using ab initio potential energy surfaces but, to our knowledge, no dynamical calculation has been carried out to determine the branching ratios to the different dissociation channels.
Recently, Harbo et al. 22 performed photoabsortion experiments to measure the lifetime of we have carried out multireference configuration interaction calculations in the C s symmetry with 7 valence electrons in (7a',1a") orbitals obtained from CASSCF calculations in a space of (10a',1a") orbitals constructed using the aug-cc-pvqz basis set for oxygen and aug-cc-pvtz for hydrogen atoms.
In order to illustrate the fragmentation mechanism, we show in Figure 1 for the breakdown reactions. Moreover, for this particular geometry, we observe a crossing between the curves of statesB andã, where spin-orbit transitions can take place.
As the angle α decreases, see Figure 1 (b), the potential energy curves of statesB andÃ approach each other until the CI between the corresponding PESs is formed. The energy of theÃ state decreases rapidly as α increases, and becomes degenerate with the ground statẽ X in the limit α = 180
• , where they are the two components of a 2 Π u state.
The nonadiabatic transitionsB →Ã near the CI provide an efficient mechanism for depopulating theB state and, eventually, lead to the fragmentation of the molecular ion.
Since this CI appears in the C 2v symmetry (r 1 = r 2 ), we have employed the symmetry coordinates x = (r 1 + r 2 )/2 and y = (r 1 − r 2 )/2 to analyze the PESs and nonadiabatic couplings. In Figure 2 we have plotted the contour plots in the y = 0 plane of the PES of • ; (b) α = 70
and OH( 2 Π), respectively. In (a), the vertical bar indicates the extension of the initial FC wave packet. Solid and dashed lines distinguish between C s A' and A" states, respectively, while the C 2v labels are used for convenience.
these two states, and we have added the line that corresponds to the CI seam. In practice, the wave packet propagation is carried out on a set of diabatic states, assuming that the nonadiabatic couplings in the diabatic basis vanish. The diabatization procedure is particularly difficult near CIs because the nonadiabatic couplings diverge. In this work, we have carried out an adiabatic to diabatic transformation:
where E 1,2 are the adiabatic energies and the transformation angle, Θ, is given by: Our treatment ofÃ-X transitions is based on the method of Haxton et al., 25, 26 in which, assuming a small total angular momentum, the Coriolis coupling terms are neglected and the body-fixed Hamiltonian has the form:
where (R, r, θ) are the Jacobi coordinates, being r the O-H distance. j z is the z component of the angular momentum operator for the rotation of the diatom OH in the body-fixed frame, with R along theẑ-axis. In this approximation, the nuclear wave functions are assumed to be eigenfunctions of the body-fixed operator j z . The operator j 2 z is substituted 28 into eq. 7
by its eigenvalues, 2 k 2 (k = K − Λ), which are only defined in the C ∞v symmetry, where K and Λ are the quantum numbers for the z projections of the total and electronic angular momenta, respectively. In the present case, the electronic statesÃ 2 A 1 ,X 2 B 1 correlate, in the limit θ → 180 • , with the two components of the 2 Π u , with |Λ| = 1. In this limit, the eigenfunctions of the z component of the electronic angular momentum operator with Λ = ±1, ϕ ±1 , are linear combinations of the electronic wave functions, ϕÃ ,X :
The non-diagonal matrix element of the potential in such diabatic representation, together with the kinetic energy operator term k 2 / sin 2 θ, approximately account for the RT transitions.
The dissociation probabilities have been obtained by means of nuclear wave packet propagations on the diabatic electronic PESs, employing a computational method (GridTDSE) A possible breakdown mechanism involves transitions fromB toÃ, which then dissociates into H + +OH, and spin-orbit transitions to the stateã, which dissociates into OH + +H, either directly,B →ã, or via a two-step process,B →Ã →ã. We have carried out a 3-state {B,Ã,ã} simulation with constant spin-orbit couplings of 2 × 10 −4 hartree (the ab initio value obtained with Molpro near the crossing between theÃ andã PESs). In this 3-state calculation, the probability of dissociating into H + +OH is above 60%, while the production of OH + +H remains low (≈ 27%.), due to the small magnitude of the spin-orbit coupling term. The main conclusion of these numerical simulations is that one has to include the transitions into the ground electronic stateX in order to reproduce the experimental results of eqs. 1-4. Accordingly, we have carried out 3-state {B,Ã,X} dynamical calculations. In the approximate treatment of the RT coupling explained above, the Hamiltonian depends on the quantum number k, with k = K for theB state and k = K ∓ 1 for the ϕ ± states defined in eq. 8. We have followed the evolution of the nuclear wave packet with K = 0, 1, . . . In Figure 4 (a), we display the time evolution of the population of the vibrational bound states on theX,Ã andB PESs of H 2 O + for K = 1. According to our results, the initial wave packet, originally at theB state, rapidly reaches the CI, where nearly 100% of it is transferred to theÃ state within the first 7 fs. During the following 10 fs, the wave packet evolves in theÃ PES showing a highly-excited bending motion, until it returns to the CI at t ≈ 20 fs; but, by that time, the wave packet has explored a broader region of the position space, and only about 1/3 of it returns toB. This part of the wave function spends another ≈ 7 fs onB before revisiting the CI and repopulating theÃ electronic state. From then on, part of the wave function is continuously being transferred to theX surface by the Renner-Teller coupling, only efficient close to linear geometries, where theÃ PES minimum is located. Nevertheless, the rise of probability inX above 50 fs cannot completely account for the steady decline in bothÃ andB populations, given the dissociative behavior of the wave packet. See Supporting Information for an animation of the first 160 fs of wave packet propagation.
Panel (b) of Figure 4 shows the probabilities of formation of the different ions and radicals, corresponding to the asymptotic limits of the three electronic states studied (see Figure 1) .
The fragmentation of H 2 O + is negligible during the first 50 fs, and starts almost simultaneously for both H + and OH + ions. The production of H + +OH moderately exceeds that of OH + (3)+H during the first 500 fs, mainly because the population ofÃ is much larger than that ofX, which is only fed by the RT coupling withÃ at linear geometries. The fact that the production of OH + clearly dominates at longer timescales indicates that the rate of fragmentation through the ground stateX is larger than that ofÃ. On the other hand, the contribution ofB to the production of OH + (1) is negligible at all times. The system reaches asymptotic conditions after 10 ps, when the fragmentation probabilities are 63% for production of OH + ( 3 Σ − )+H and 30% for H + +OH( 2 Π), remaining 7% of H 2 O + .
The ion production has been calculated for several values of K, and the asymptotic probabilities are presented in Figure 5 . For K = 0, the RT couplingÃ →X is negligible, and the dissociation into OH + +H takes place through the spin-orbit driven transitionÃ →ã, which results in a dominance of H + production. For K > 0, the dissociation throughX is the dominant fragmentation channel, and the production of OH + increases with K at expenses of the fragmentation into H + throughÃ. On the other hand, the remaining population of To sum up, in this work we have implemented a wave packet, grid-based, time-propagation scheme in several potential energy surfaces, including nonadiabatic transitions between them.
We have applied this method to study the fragmentation dynamics of 
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